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A novel chiral helical imprinted polymer (MIP) has been prepared by bulk 
copolymerization of 3-methyl-4-vinylpyridine and a crosslinker using chiral S-mandelic 
acid as template. The resulting MIPs after removing the template show optical activity 
that is derived from the presence of chiral helical structures of poly(3-methyl-4-
vinylpyridine) (P3M4VP) embedded within the MIP matrix. The basic functional 
monomer 3-methyl-4-vinylpyridine (3M4VP) was utilized with the acidic template to 
ensure good interaction between the template and the polymer. Divinylbenzene (DVB) 
and ethyleneglycoldimethacrylate (EGDMA) with widely varying degree of rigidity, 
flexibility, and polarity were selected as crosslinking agents. Using two different 
crosslinkers, it was possible to optimize the MIP for maximum specificity and selectivity. 
Spectroscopic methods such as FT-IR and 1H NMR were used to investigate the 
interaction between template and functional monomer. Scanning electron microscopy and 
ii 
 
nitrogen sorption analysis showed significant difference of the surface morphological 
characteristics between imprinted and non-imprinted polymers.  
Thermogravimetric analysis (TGA) was carried out to investigate thermal stability 
of MIPs and NIPs. The binding studies and the selectivity of the polymers were analyzed 
using UV-visible spectroscopy. The chiral secondary or higher structural ordering within 
the MIPs was examined using circular dichroism (CD) spectrometry. The polymer 
preparations were evaluated and compared with non-imprinted polymers for their ability 
to bind the template which is a measure of the specificity of the imprinted system. The 
nature and degree of crosslinking and other parameters like concentration of the template 
solution, solvent, and time which influences the binding of these imprinted polymers 
towards the print molecule were also investigated to optimize the imprinted system. The 
ability of the S-enantiomer imprinted polymer to bind the R-enantiomer was investigated. 
The separation and selectivity factors have been quantified. The present study develops a 
successful strategy for preparing chiral MIPs, which are expected to find vital 
applications in chiral separation, and enantioselective release of chiral drugs. 
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In the recent years, Molecular Imprinting has become a robust approach for 
formation of specific recognition sites within a polymer matrix by their synthesis in the 
presence of template molecules. Molecular Imprinted Polymers (MIPs) that result from 
this process demonstrate remarkable selectivity for the template molecule.1 Molecularly 
imprinted polymers (MIPs), as a unique class of synthetic tailor-made polymers with the 
capability of selective recognition, have found various applications in the development of 
solid-phase extraction, adsorbents, drug delivery, sensors, membranes, artificial 
antibodies and separation materials.2-4 Molecular imprinting as an emerging technology 
allows the synthesis of materials that contain exceedingly definite target sites with 
specific affinity for target compounds has been developed for small molecule templates 
as well as nanoscale structures. MIP has become an effective method for preparing 
polymeric separation media with highly selective molecular recognition capabilities. In 
the presence of template, and through crosslinking of organic monomers, creation of fully 
synthetic antibody mimics by molecular imprinted polymers becomes possible. Even 
though chiral compounds are often indistinguishable in most non-biological 
environments, they exhibit different properties in biochemical systems given their natural 




structure of the chiral sector is known. This is especially true for smaller molecules. 
Even though reports of many examples of optically active molecular imprinted materials 
have been made, the reports are inconsistent about chiral separation using molecular 
imprinted polymers. MIPs are highly crosslinked polymers and can be tailored with 
selectivity for desired chiral guest. 
 To improve the efficiency and to widen the application range of MIPs in chiral 
separation, functional polymers were employed to achieve MIPs. Functional polymers, 
together with matching chiral templates, should distinguish the desired target in chiral 
separation. 
1.2 Research Objectives 
Following the unique and useful applications of MIPs, this study assesses 
construction and evaluation of MIPs using optically active helical poly(3-methyl-4-
vinylpyridine). The study aims to develop a unique type of chiral MIPs, that consist of 
chiral helical poly(3-methyl-4-vinylpyridine), that are prepared using bulk 
polymerization using chiral S-mandelic acid (S-MA) as a template, a (3M4VP) as a 
monomer, and DVB or EGDMA as crosslinkers. The role of the degree of crosslinking 
on the specific and selective rebinding of the template was also investigated. Higher 
degrees of cross-linking afforded greater capacities (relative to surface areas), and was 
shown to show remarkable selectivity. The selection of the monomer and template 
attributed to the π-π stacking interactions between 3-methyl-4-vinylpyridine and the 
template S-MA and furthermore strong acid-base interaction is possible between the 




complex formation, and the MIP and the template were investigated by FT-IR, and 1H 
NMR techniques. Recognition and selectivity properties were determined by ultraviolet-
visible (UV-Vis) spectroscopy. The surface morphology of the polymer was studied by 
scanning electron microscopy. Physical features of the polymers, such as specific surface 
areas, pore volumes, and pore diameters, were obtained using nitrogen sorption analysis 
with Brunauer-Emmett-Teller theory (N2-BET). In order to evaluate the thermostability 
of the helical MIPs and NIPs, thermogravimetric analysis (TGA) studies were performed. 
Circular dichroism (CD) was used to investigate the secondary structures of the helical 
imprinted polymers. 
This research is motivated by the fact that optically active helical polymers have 
gathered increasing attention due to their fascinating helical structure. They have, 
therefore, gained significant popularity in applications including asymmetric catalysis 
and chiral separation. Furthermore, molecular imprinting technique has gained significant 
attention in the fields of chemical analysis and polymer science given its selectivity to 
target molecules, robustness of recognition and achievement of high affinity. This 
research shall combine these aspects and create optically active MIP containing 
secondary helical structures. 
Molecular imprinting remains a versatile procedure that gives functional materials 
the capacity to recognize chemical agents. In other instances, they can act as biosensors 
and chemical sensors by recognizing biological and chemical agents of interest. Unlike in 
the case of biological antibodies, receptors obtained from biological combinatorial MIP 




building blocks can help researchers produce synthetic materials that are tailored to 
achieve stability to replace or complement natural receptors. 
1.3 Dissertation Outline  
This dissertation consists of five chapters. Chapter 1 is an introduction regarding 
the importance and objectives of the work. Chapter 2 is a review of the literature which 
deals with the previous studies on molecular imprinting. Chapter 2 also includes a 
discussion of the application of molecularly imprinted polymers and their application in 
the field of chiral recognition. Chapter 3 describes the experimental methods and 
characterization techniques used to study the composition of monomer, 3-methyl-4-vinyl 
pyridine, crosslinking agents (EGDMA and DVB) and MIPs. Chapters 4 focuses on the 
results and discussion of the nature and extent of crosslinking and dependence of other 
parameters such as concentration of template solution, solvent, and time on the binding 
discrimination of these imprinted polymers towards the template molecule, and optical 
activity. Characterization of the helical imprinted polymers by FT-IR, 1H NMR, TGA, 
SEM techniques, N2 adsorption–desorption measurements and swelling studies are also 
illustrated in the chapter. Enantioselectivity of the helical imprinted polymers is also 
detailed. Chapter 5 focuses on the overall conclusion of the work done. It summarizes the 
results of the investigation on the designed template selective imprinted polymers, and 






2.1 Molecular Imprinting Strategy  
According to Chen, et al. Molecular Imprinting Technology (MIT) refers to the 
technique or the generation of molecularly imprinted polymers (MIP) containing tailor-
made sites that are complementary to the template molecule in functional grouping, size 
and shape. MIT is often described as the technique of making a molecular lock to match a 
molecular key.1 MIPs have a vast range of applications in many fields given their unique 
features of application universality, structure predictability and recognition specificity.6-8 
Chen et al. have comprehensively reviewed recent advances in molecular imprinting 
including versatility of possible applications and perspectives, applications of MIP and to 
assess novel strategies and preparation technologies of MIP.1  
The field of molecular imprinting includes two major scientific areas which are 
polymer chemistry and molecular recognition. Whereas molecular recognition often takes 
prominence in the creation of imprinted polymers, the fact that the recognition needs to 
take place in a synthetic polymer cannot be ignored.6 
According to Liang et al.7 chiral molecularly imprinted polymer microspheres 
(MIPMs) documented so far are commonly limited to construction using chiral template 




Following this initial report, Liang et al. conducted research on a unique type of MIPM 
that consists of chiral helical substituted polyacetylene that are generated through 
suspension polymerization using chiral Boc-D/L-proline as template and chiral acetylene 
as monomer. The resulting molecularly imprinted polymer microspheres, upon removal 
of the template, showed optical activity derived from the chiral helical structures of the 
substituted polyacetylene. The resulting microspheres demonstrated enantio-
differentiating ability in releasing the enantiopure templates. They developed a strategy 
for the preparation of chiral MIPMs that are expected to find significant applications in 
many chiral processes including enantioselective release of chiral drugs as well as chiral 
separation. Song and colleagues prepared a novel class of chiral microspheres using 
suspension polymerization from which they advanced the idea that chiral microspheres 
open several new possibilities for designing materials used for enantiomeric drug 
release.5 
Molecularly imprinted polymers are created by copolymerization of complex that 
is formed between the monomer, template molecule and a cross-linking agent using semi-
covalent, non-covalent or covalent interactions.9-13 Upon removing the template molecule 
from the imprinted material after polymerization, specific cavities that are 
complementary to the template in size, shape, and chemical functionality are left behind 













Figure 1. Scheme of molecular imprinting technique. 
 MIP can be prepared by different non-covalent methods including bulk 
polymerization14, suspension polymerization
15, emulsion polymerization16, precipitation 
polymerization17, and electropolymerization
18. Various MIP structures, for example, 
irregular micro-particles and uniform nanoparticles, have been synthesized by traditional 
photo/thermal- polymerization. MIP particles packed into an HPLC column have been 
used to separate desired target molecules, while thin films of MIPs, frequently coated on 
electrodes, are used for direct sensing of template molecules. Among these imprinting 
polymerization methods, bulk polymerization is the most used technique for particle 




2.2 Various Approaches of Molecular Imprinting 
Two kinds of molecular imprinting approaches have been established with 
foundations on covalent and non-covalent interactions between functional monomers and 
the template as shown in Figure 2.19 Both cases involve the polymerization of functional 
monomers that permit the interaction of the functional group(s) with the functional 
group(s) of the target molecule.20 
 Covalent or non-covalent interaction between the functional monomer and the 
functional group of imprint template followed by preparing a highly crosslinked network 
forms a porous material with the special binding sites. Between the two strategies, non-
covalent approach has been widely used because the protocol is easy to conduct, thus 
avoiding the tedious synthesis of pre-polymerization complex.21-23  
Additionally, removal of the template in non-covalent protocol is generally easier 
and is usually accomplished by simple continuous extraction. Finally, a vast classification 
of functionalities can be introduced into the molecularly imprinted polymers synthesized 



















Figure 2. Schematic expression of non-covalent and covalent molecular imprinting. 
 A number of experiments have been conducted for purposes of understanding the 
different approaches of molecular imprinting. Hashim and colleagues investigated 
covalent and non-covalent imprinting strategies for synthesis of stigmasterol imprinted 
polymers.6 The researchers evaluated molecularly imprinted polymers for their selectivity 
and recognition towards stigmasterol via dynamic and static batch-binding assays and 
measured their performance against control non-imprinted polymers. According to the 
research, MIPs generated using the conventional non-covalent imprinting methods 
showed little to no affinity for binding with stigmasterol under various conditions. 
Nonetheless, application of covalent imprinting scheme using the new post-synthetically 
cleavable monomer-template composite stigmasteryl-3-O-methacrylate as shown in 
Figure 3, gave rise to the fabrication of MIP that successfully recognized stigmasterol in 




covalently prepared MIP was increased when conducted in partially aqueous 












Figure 3. Molecularly imprinted polymer prepared by the covalent imprinting technique. 
2.2.1 Covalent Approach 
Binding in the covalent approach relies on reversible covalent bonds. Imprinted 
molecules are covalently coupled to a polymerizable molecule.21 The template molecule 
is chemically cleaved from the highly cross-linked polymer obtained after 
copolymerization with the crosslinker. Wulff and colleagues were the first to report the 
production of MIP by synthesis of specific amino acid or sugar that contained a 
polymerizable group.9,10 
After polymerization, the researchers hydrolyzed the sugar moiety after which 




increases as crosslinker is maximized for covalent molecular imprinting. Boroznjak 
also reported similar results.22 With respect to ratios of templates, crosslinkers and 
functional monomer, the requirements for covalent imprinting are different from those of 
non-covalent imprinting. Nonetheless, since the number of potential templates and the 
choice of reversible interactions are substantially limited, there are few reversible 
covalent interactions with polymerizable monomers and they often require an acid 
hydrolysis procedure in order to cleave the covalent bonds between the functional 
monomer and the template.23 
2.2.2 Non-Covalent Approach 
In non-covalent approach, special binding sites are created by self-assembly 
between the monomer and the template followed by crosslinked co-polymerization.24,25 
The polymer and the imprint molecules interact via non-covalent interactions during the 
rebuilding and imprinting procedures. These non-covalent interactions include hydrogen 
bonding, ionic and hydrophobic bonding. This method is the most commonly used in 
preparation of MIPs because of its simplicity. Non-covalent imprinting approach, 
therefore, holds more potential for future of molecular imprinting given the vast number 
of compounds that are capable of non-covalent interactions with functional 
monomers.26,27 
The formation of interactions between the template and monomers are often 
stabilized under hydrophobic environment whereas polar environmental conditions easily 
disrupt them. The other limit is presented by the need for many distinct interaction points. 




group (for instance carboxyl) generate imprinted polymers with limited molecular 
recognition properties have little interest in practical applications.28 Table 1 represents the 
advantages and disadvantages of imprinting methods.29 
Table 1. Advantages and Disadvantages of Imprinting Methods 
Properties Covalent Non-covalent 
Synthesis of monomer-template complex Necessary unnecessary 
Polymerization conditions rather free Restricted 
Removal of template after polymerization Difficult Easy 
Guest – binding and guest-release Slow Fast 
Structure of guest-binding site Clearer less clear 
 
Since the non-covalent protocol is easier than covalent methods and produces 
higher affinity binding sites in comparison to the covalent approach, it is important that 
the basic optimization of non-covalent methods be understood.30 The trends in selectivity 
and binding in non-covalently imprinted polymers are understood best by incorporating 
several functional monomers for achievement of the highest affinity binding sites. 
Increased number of binding interactions in polymer binding sites may impart greater 
selectivity and affinity to the site by increasing fidelity of the site. This would, therefore, 
suggest that the solution phase pre-polymer complex does not directly determine the 
number of functional groups within the polymer binding site. Instead, the number of 




primary investigational method of pinpointing functional groups in polymers is 
Infrared Spectroscopy (IR).30 
Nonetheless, the actual events that determine the final structure of binding site 
remain a challenge given the difficulty of characterization of the binding site structures 
during and after completion of the polymerization. 
2.3 Parameters Influencing Spatial Molecular Recognition in Imprinted Polymers 
To understand the overall effectiveness of molecular recognition, there is a need 
for the understanding of molecular recognition theory, chemical equilibrium, polymer 
chemistry, and thermodynamics. One necessary requirement is fast equilibrium between 
the release and reuptake of template and this requires that high polymer flexibility should 
be present in the MIPs.  
Spivak and colleagues noted that although molecular imprinting is widely 
accepted as a method of generating template-specific polymers, the general protocols for 
control and prediction of the catalytic properties and binding of the materials are not 
comprehensively understood.31 The researcher attributes the lack of full understanding of 
these general rules to the problematic structural analysis of active sites within the MIPs 
since they study by microscopic techniques or X-Ray crystallography due to their 
heterogeneous or amorphous nature. In this regard, molecular probes have been the most 
informative and reliable agents for the assessment of the active site’s structure. The 
chromatographic studies show that the recognition is a function of spatial and steric 




properties of imprinted polymers in a predictable manner. This section of the chapter, 
therefore, provides an overview to create a deeper understanding of parameters 
influencing spatial molecular recognition in imprinted polymers that researchers such as 
Spivak’s have not successfully clarified. 
In conventional MIP synthesis, five components play an essential role; template, 
functional monomers, crosslinkers, initiator and solvent. The components must be 
optimized to achieve the most favorable chemical and physical properties for a given 
imprinted system, which include: 
• Template 
• Functional monomer 
• Crosslinking monomer 
• Porogenic solvent 
• Initiator 
2.3.1 Templates 
The template is used as a mold to form the binding cavity for the target molecule. 
Except for some applications, (e.g., using MIPs to mimic enzymatic functions, for which 
a dummy of a similar structure to the molecular transition state is utilized as a template), 
the target molecule itself is most often used as the template. Target molecules can be 
small ions, organic molecules, short peptides to macromolecular proteins. The template 
determines the selection of the monomers and crosslinker since the formed polymer 
matrix should provide robust and specific interaction towards the target molecule. In all 




organization of functional groups attached to the functional monomers. Considering 
the compatibility with free radical polymerization, there is a need to have chemically 
inert template under the polymerization conditions.32,33 Therefore, alternative imprinting 
strategies may have to be used if a template can participate in a radical reaction or is for 
whatever other reason unstable under the conditions of polymerization.  
Reed and Louis11 developed efficient procedures for the synthesis of optically 
active template, [ethoxy((benzyloxy)methyl)carbene]pentacarbonyl chromium (0)] in 
good yield and with high enantiomeric purity. Optically active templates have been 
commonly used during optimization. The accuracy of the resultant structure of the 
imprint could be assessed by its ability for racemic separation that is tested using 
polymeric materials as chromatographic supports or in a batch procedure. Even though 
one of the most attractive features of molecular imprinting method is its ability for 
application in a diverse range of analytes, not all templates are directly amenable to the 
process of molecular imprinting. 
 A number of routine imprinted polymers use small organic molecules as 
templates. For the use of large molecules such as proteins as templates, specially adapted 
protocols have been proposed. Designing such large molecular templates is still a 
challenge due their rigidity and do not facilitate development of definite binding cavities 
during the imprinting process. Moreover, there is high chance that the tertiary and 
secondary structures of large biomolecules such as proteins may be affected when 





2.3.2 Functional Monomer 
The functional monomers are the basic components in MIP preparation. They 
interact with the template during the synthesis to form a stables complex. After template 
leach, they provide interaction sites to rebind the target in the cavity. They also form the 
polymer matrix together with the crosslinkers. A convenient classification of monomers 
is to divide them into basic, acidic and neutral ones as shown in Figure 4. 
The effects of changing template to functional monomer ratio are not fundamental 
for covalent molecular imprinting since the template dictates the number of functional 
monomers that can possibly be covalently attached. Moreover, functional monomers are 
attached in a stoichiometric fashion. Optimal template to monomer ratio is attained 
empirically for non-covalent molecular imprinting by evaluating many polymers made 





























The primary function of a crosslinker is to fix the polymer matrix rigidly to 
provide a stable binding cavity. Ordinarily, a large content of over 70% crosslinker is 
utilized in MIP preparation. These may be because the high degree of crosslinking 
enables the micro cavities to keep three-dimensional structure equivalent in both shape 
and chemical functionality to that of the imprint molecule after its removal. Therefore, 
the functional groups are held in an optimal configuration for rebinding the template, 
allowing the receptor to recognize the original substrate.35  
The properties of the crosslinker can significantly influence the character of the 
polymer matrix, including the refractive index, polarity, and hydrophobicity. Wulff’s 
group has compared the performance of MIPs prepared by DVB and EDMA and found 
that MIPs prepared with EGDMA have much better performance regarding stability, 
wettability and recognition ability in most rebinding scenarios (see Figure 5).36 
 Selectivity is vastly affected by the amount and kind of cross linking agent used 
in synthesis of the imprinted polymer. As observed by Kim and colleagues, 
concentrations and chemical structures of crosslinking agents affect both the porosity and 
swelling ratio of MIPs. Additionally, they determined that chemistry of vinyl group as 
well as chain length of crosslinking agents effect the stability of monodisperse particles 
and the ultimate morphology of MIPs.37 
The crosslinker fulfills three main functions in an imprinted polymer. These 




micro-gel powder or macro porous), serving to stabilize the imprinted binding sites, 











Figure 5. Structure of most common crosslinkers used for molecular imprinting. 
 
2.3.4 Porogenic Solvent 
The choice of porogen is the most used tool for controlling the porous properties 
without necessarily altering the chemical composition of the final monolith. In imprinted 
polymers, porogenic solvents play a significant role in the generation of porous structures 
that are known as macroporous polymers. Porogenic solvent determines the porous 
properties of a monolith by solvation of the polymer chains in the reaction medium 
during the initial phases of the polymerization.  
Hydrophobic  
Divinylbenzene (DVB) Ethylene glycol dimethyl acrylate (EGDMA) 
Trimethylolpropane trimethacrylate (TRIM) 
Hydrophilic  




To assure good flow-through the pores of the resulting polymer, the porogenic 
solvents should produce large pores. Moreover, the porogenic solvents should be 
relatively less polar, to reduce the interferences during complex formation between the 
template molecule and the monomer (T-M), as the latter is essential to obtain molecularly 
imprinted polymers with high selectivity.38  
For instance, a protic solvent like CH3OH, on the other hand, can interfere with 
hydrogen bonding within the T-M complex. Polar aprotic solvents such as DMF tend to 
solvate the polar and ionic species and hence to interfere with the stability of the T-M 
complex. Thus, aprotic non-polar solvents are more preferred in MIP synthesis when 
solubility permits their use.39,40 
The level and nature of porogenic solvents determine the strength of non-covalent 
interactions as well as influencing the polymer morphology. This implies that the nature 
and level of porogenic solvents directly affects the performance of imprinted polymers. 
For success of the process, the monomer, the crosslinker, the initiator and template 
molecule must all be soluble in the porogenic solvent.  
Yu and colleagues studied synthesis of polymer monoliths with median pore size 
of approximately 15 nm to 3 μm pores by photoinitiated polymerization of 
ethyleneglycoldimethacrylate and butylmethacrylate monomers.41 
 In the experiment, the solubility of monomers in porogenic solvent was 
determined by Hildebrand solubility parameter (δ) and it was found out that it had a 




polymers with larger pores are usually a result of poorer solvents for the monomers. 
However, polymers with different porosities and pore sizes have been obtained using 
porogenic solvents exhibiting similar Hildebrand solubility measures. The rate of 
evaporation of the porogenic solvents is another significant aspect affecting the properties 
of polymer monoliths. 
2.3.5 Initiator 
Many chemical initiators with various chemical properties can be used as free 
radical source in free radical polymerization. Usually, they are used at low levels 
compared to the monomer e.g. 1 mol.%. Examples include aliphatic azo compounds and 
peroxides used in polymerization of vinylchloride and methylmethacrylate. To create an 
understanding of the influence of different polymerization conditions and initiators on 
molecularly imprinted polymer performance, Mijangos et al.13 conducted research where 
a set of polymers was imprinted with (−)-ephedrine using two different initiators. The 
researchers used chemometric approach to optimize the studies aimed at assessment of 
the interplay of parameters such as temperature, polymerization time and percentage of 
initiator. At the end of the experiment, the results obtained demonstrated the significance 
of keeping the right balance between the parameters of polymerization conditions. The 
researchers successfully demonstrated that enhancing a single parameter such as polymer 
rigidity does not necessarily make polymer performance better.  
For best results, it is necessary to synthesize MIPs over a long period of time 
using low initiator concentration under low temperature. Mijangos et al. realized that the 














Figure 6. Examples of radical initiators. 
2.4 Applications of Molecular Imprinting Polymer (MIP) 
This section presents the applications of molecular imprinting polymer (MIP). It 
focuses on the use of MIPs as chemical sensors and biosensors, catalysis, MIPs in drug 
delivery and in separation techniques. 
Molecular Imprinting Technology (MIT) is currently applicable in areas that 
involve the design of robust molecular recognition materials that can imitate natural 
recognition elements such as antibodies and artificial biological receptors with 
predetermined specificity and selectivity for specific analyte.42,43  Various applications 
focus on the creation of artificial recognition sites with polymeric matrices which 
complement templates in terms of their sizes, shapes and spatial arrangements.44 




promising, as they have the ability to recognize chemical and biological molecules 
such as proteins, nucleotide derivatives, amino acids, pollutants, drugs and food.45  
Due to their chemical inertness, long thermostability and insolubility in water, 
MIPs have been used for the last several years as antibody entities with high sensitivity 
and selectivity.46 MIPs offer one of the best opportunities to tailor chiral stationary phases 
with predetermined chiral recognition properties.47 Added advantages of MIPs in chiral 
recognition applications include chemical robustness, ease of preparation, low-cost 
production, and ease in shaping MIP-based materials in diverse self-supporting 
formats.48,49 MIPs recognition sites can be tailored with solid polymeric support that can 
offer solutions to the present research objectives.2 
2.4.1 MIP as Chemical Sensors and Biosensors 
Scientists have developed increasing interest to study chemical sensors and 
biosensors for clinical diagnosis, food, and environmental analysis.13 Recent studies and 
applications have focused on developing and synthesizing artificial receptors that can 
bind, under adverse chemical environments such as high pH values and temperatures a 
target analyte with similar affinity and selectivity to natural enzymes and antibodies.7,50,51 
The first MIP-based sensor was constructed by imprinted polymers in the form of 
monoliths.52,53 The sensors were deposited close to electrodes by incorporating particles 
in a carbon paste or agarose gel of a screen-printed electrode. The sensor performance 
depended on the extent of integration between MIPs and transduction elements and the 




Scientists made competitive amperometric morphine MIP-particulate based 
sensor, with the MIP particles immobilized using agar gel on the surface of the 
electrode.56 The device could use a two-competitive-stage displacement technique with an 
electroactive template attached to a morphine imprinted polymer immobilized in a thin 
agarose layer (a polysaccharide polymer material). Codeine as an electro-inactive 
competitor was also added which made displacement of the morphine from the MIP, and 
the released morphine was identified amperometrically. The sensor was recorded to 
detect morphine in the concentration range 0.1–10 μg/mL.57,58 
 The present practice of obtaining MIP-based sensors is a simple approach that 
involves the combination of a piezoelectric transducer such as quartz with the MIPs to 
produce an acoustic sensor known as QCM-MIP sensor. The crystal is coated with MIP 
through in situ polymerization done directly on the device surface,59 or by using pre-
pared MIP elements immobilized on the surface of the sensor using a poly(vinylchloride) 
matrix.60 
Tan et al.61 created an imprinted polymer-coated sensor that could sense the 
quantity of nicotine and paracetamol in biological fluids. The application used a modified 
piezoelectric quartz crystal surface with a paracetamol imprinted polymer as the sensing 
elements to get the selectivity required for a Bulk Acoustic Wave (BAW) sensor. The 
analysis of the kinetic impedance demonstrated lack of change in the viscoelasticity of 
the coating of the polymer during the sensing process. The device has been helpful in 




2.4.2 MIP in Catalysis 
 Researchers have made significant efforts to investigate possible catalytic 
applications of molecular imprinted polymers.63,64 MIPs can mimic the stereospecificity 
and selectivity of antibodies and the binding domains of catalysts such as enzymes that 
assist in metabolic reactions. Producing MIP-based catalysts involves the use of 
analogues of substrates and transition states as templates in imprinting protocol.65 The 
matrix of the polymer produced has cavities with shape characteristics similar to the 
shape of the template used.63 Additionally, the imprinting technology must guarantee the 
correct placement of the functional groups on the binding sites with regards to the 
catalytic activities they are designed to perform.66 
 Leonhardt and Mosbach 67employed the above strategy to produce an imprinted 
matrix with demonstrated esterolytic activity using Cobalt (II) ions. The ions were 
intended to coordinate the template and the vinyl imidazole groups during the 
polymerization. The approach improved the recognition property of the MIPs and also 
improved the catalytic activities as compared with when a system was not coordinated. 
Subsequently, introducing other substrates such as leucine and p-nitrophenyl esters 
within the cavities of polymer accelerated the substrate-specific hydrolysis of the 
analogues of amino acid. Shea and Beach have used the same technique to produce a N-
(2-aminoethyl) mathacrylamide as the functional monomer MIP capable of 
dehydrofluorination of β-fluoroketones.68 
Li et al.69 constructed smart imprinting systems with catalytic properties. They 




hydrolysis of 4-nitrophenyl acetate as a reproduction reaction. At low temperatures, the 
catalytic polymer demonstrates low catalysis because of interpolymer complexation 
which makes the system shrink and thus block the access to activity sites. However, at 
higher temperatures more catalytic activities were observed.70 
2.4.3 MIP in Drug Delivery 
 The strong binding ability and selective bioactivity of MIPs molecules make them 
appropriate for applications in the diverse field of drug delivery. Analytes with high 
loading capacity and long release time such of drugs is an area huge potential for MIP.71 
With MIPs, drugs get released at the correct site with the correct dose within a 
manageable time. Successful applications require specific characteristics that include: 
stable imprinted cavities that can maintain conformation even in the absence of template 
and flexible imprinted cavities that can accelerate equilibrium between the time taken to 
release and to re-uptake the template in the cavity.72 Non-covalent technique offers 
quicker equilibrium kinetics compared to covalent imprinting techniques.73 Stability helps 
in resisting chemical and enzymatic interference along with mechanical stress associated 
with biological fluids. 
 In drug delivery, molecular imprinted polymers are frequently synthesized in 
organic solvents to promote bonding of hydrogen molecules as well as electrostatic 
interactions.74 Nonetheless; organic solvents used during the synthesis of MIPs 
sometimes have high chances of causing cellular damages; an observation that 
encourages the preparation of hydrophilic polymers that can match biological systems in 




the technique of precipitation polymerization, as the solvent employed in preparing 
MIPs is always immiscible with the polymer, thus allowing polymer separation from the 
solvent.75 
It is worth noting that water-compatible molecular imprinting of system is still at 
its early stages with many challenges associated with weak electrostatic interaction and 
weak hydrogen bonding. The result is always a reduced selectivity of the produced 
molecular imprinted polymer for a given target molecule.76 More studies can however 
focus on metal coordination and hydrophobic interactions to improve template and 
functional monomer interactions. 
 Allender et al.77 prepared molecular imprinted polymer of propranolol (a β-
adrenergic antagonist) using methacrylic acid (MAA) as a functional monomer to 
produce a transdermal controlled release device. The study demonstrated that the rate of 
propranolol permeation was relatively lower for MIP compared to non-imprinted 
polymer, concluding that propranolol-imprinted systems are suitable for elongating the 
profile of delivery. The study by Song et al.5 on chiral polymeric microsphere grafted 
with optically active helical polymer chains demonstarted improved controlled chirlality 
recognition ability. 
2.4.4 MIP in Separation Technique 
One of the traditional MIP-based separation techniques is the Molecularly 
Imprinted Chromatography (MIC).78 It has been common especially with the Liquid 




then ground and sieved mechanically before getting packed in a chromatographic 
column.80 Researchers demonstrate, however, that the mechanical processing produces 
irregular particles with large sizes which promote packing materials with irreproducible 
quality. To avoid these problems, companies directly prepare monolithic molecular 
imprinting columns inside capillary or stainless-steel columns. 
Research has demonstrated that monolithic MIPs exhibit relatively fewer non-
selective sites compared to the conventional bulk MIPs elements.81,82  
MIPs produced through bulk polymerization, finely ground and mixed with 
binders are applicable for use in chiral Thin-Layer Chromatography (TLC). TLC has 
inherent advantages that make it attractive; such as simplicity and multiple parallel 
samples.83 
2.4.4.1 Chiral Recognition 
In chiral recognition and separation, the significant mechanism involves the 
formation of diastereomeric elements using two analyte enantiomers and a chiral selector. 
Chiral helical polymers have optical cavity, chiral recognition as well as chiral 
amplifications that define their applications.84 Their preparation may involve the 
introduction of chiral elements in a polymerization system such as a chiral monomer,85 
additive,86 or solvent.87 Researchers have so far established optically active helical 
polymers with supramolecular helix,88 single helix, and duplex helix are effective in 
chiral separation.89 Additionally, optically active helical polymers have been used for 




release.5 The presence of optically active helical polymer chains improves chiral 
recognition and thus chiral separation ability. There is currently limited research that has 
focused on the use of optically active helical polymers in imprinting technique for chiral 
recognition.  
The first application of MIPs for chiral recognition involved the enantioseparation 
of the mixtures of racemic chiral compounds in the early years of 1950s.49 Molecular 
imprinted polymers were used often as Chiral Stationary Phases (MIP-CSPs) in High 
Performance Liquid Chromatography (HPLC). They significantly helped in obtaining 
enantioseparation of racemic mixtures of chiral compounds,52 which included drugs and 
different derivatives of amino acid. The method is still convenient for the quantitative 
assessment of the imprint quality.92 According to the Mosbach group that pioneered most 
studies in the field, a molecularly imprinted polymer sorbent can be employed as a 
stationary phase in LC to separate derivatives of amino acid.93 A study by Yin and co-
workers recently demonstrated enantioseparation of L-nateglinide using MIP-CSPs 
developed using monolithic and bulk polymerization procedures under the same 
conditions of chromatography.81 The performance of chiral recognition of the monolithic 
molecular imprinting column was better than the recognition done using polymer 
prepared using bulk polymerization. These groups concluded that the difference in 
recognition performance resulted from the reduction of the number of non-specific 
binding sites along the monolithic column.94,95 Recent studies, however, demonstrate that 
the limiting factor in the performance of a monolithic molecular imprinted polymer 




structures of desired permeability. The polarity of the solvent is observed to tend to 
compete with the template-monomer interactions, which reduces the polymer’s affinity 
for the template. 
A study has reported optical resolution of amino derivatives, enantioseparation of 
sugar and its derivatives, and direct enantioseparation of drugs using optically active 
helical polymers.85 Direct enantioseparation of drugs in particular requires conditions that 
can favor TLC while using MIP-based helical polymers with chiral stationary phases.7 
The application of MIPs in High Performance Liquid Chromatography as chiral 
stationary phases demonstrates the effectiveness of resolving chiral compounds; which 
can potentially help in controlling the quality and purity of optically active compounds. 
There are currently highly enantioselective polymers that can separate tryptophan methyl 
ester using optically active MIPs or MIT (molecular imprinting technique).96 An artificial 
host molecule phenyl phosphonic acid monododecyl ester was found to be effective for 
recognizing the chirality of amino acid esters. The L- or D-tryptophan methyl ester 
imprinted polymer with the functional host molecule demonstrated high 
enantioselectivity for the corresponding imprinted isomer.97 Quantitative analysis 
supported the high enantioselectivities resulted because of the high binding constants 
associated with corresponding imprinted isomer.98 
 MIPs produced through non-covalent interactions demonstrate enantioselectivity 
for originally print molecules.4 MIPs with the derivatives of L- phenylalanine as the print 
molecule with acrylamide as the functional monomers have high substrate selectivity and 




of 3.5. Excellent selectivity has been reported by other studies and the selectivity 
depend on the number of the template molecules, and their nature, the interactions 
involving the substrate and the polymeric stationary phase, and their shapes and rigidity. 
These results can be developed into preparing tailor-made chiral stationary phases for 
specific applications on chromatography.99 Ligand cross-reactivity of MIPs is applicable 
in simultaneous separation of diverse structures.100 The ability of chiral recognition and 
ligand specificity of the imprinted polymer demonstrates that the surface of MIPs 
recognizes the chirality of amino acid derivatives.101 Conditions that enhance 
enantioseparation include pH and buffer concentration in the aqueous solution. 
 The demand for better means to prepare, to purify, and to analyze chiral 
compounds in pharmaceutical industries and in the field of agricultural chemicals has 
significantly increased in the last few years.56 Different biological activities involving 
enantiomers of particular compounds as well as increasing regulations on molecules 
which are optically active are driving the development of optically active MIPs.  
 Though there have been significant improvements in asymmetric synthesis, chiral 
recognition methods remain indispensable for purifying and analyzing chiral compounds. 
In practice, commercial chiral stationary phases employ static chiral functionalities using 
either simple or complex organic compounds.102  
 Separating specific enantiomeric pairs requires the evaluation of the conditions of 
many mobile phases and chiral stationary phases to get suitable results; this is because of 




using MIPs for chromatographic separations involves the use of isomer in their (MIPs) 
preparations. The imprinted isomer often gets strongly retained; making the elution order 
predictable. It makes chiral separation convenient since additional quantification would 
otherwise be indispensable to establish the eluted analytes’ chirality.  
 The first case of molecularly imprinted chiral stationary phase prepared was used 
to enantioseparate R and S enantiomers of N-(3,5-dinitrobenzoyl)-3-methylbenzylamine 
(DNB).87 The study used (S)-(-)-N-methacryloyl-1-naphthylethylamine as the functional 
monomer and the racemic DNB template. The chiral recognition of the functional 
monomer showed improved performance for racemic molecular imprinting. 
 Two enantioselective MIPs, selective for N-tertbutoxycarbonyl-L tyramine (N-
Boc-L Tyr) and N-tertbutoxycarbonyl-L-tryptophan (N-Boc-L-Trp) were synthesized 
using photo and thermal induced polymerization. They were then used as the stationery 
phase in liquid chromatography. A model of stoichiometric displacement was constructed 
and used to evaluate the chiral separation of MIPs. D, L-alanine and D, L-lactic 
resolution was then studied in a supported liquid membrane using a polypropylene 
hollow-fiber module. N-3, 5-dinitrobenzoyl-L-alanine ester chiral selector facilitated the 
enantioselective transport of the solutes. The selector was dissolved in a toluene. The 
maximum separation factor of D, L-lactic acid obtained was two whereas that of the D, 
L-alanine was 1.75.102 
The success of molecular imprinting technology (MIT) in tailoring MIPs with 




the binding-site-forming templates have been reported. Liang, Wu and Deng7 prepared 
molecularly imprinted polymer microspheres (MIPM) using helical substituted 
polyacetylene for application in enantio-differentiating release and adsorption as shown 








Figure 7. Construction approach for preparing the MIPMs. 
MIPMs were successfully constructed through suspension polymerization of 
achiral and chiral substituted acetylenic monomers using Boc-D/L-proline as the template 
molecules. MIPMs included P-M1D, P-M1L, P-M1LD, P-M2D, PM2L, and P-M2LD; 
which were all transformed to other corresponding microspheres imprinted polymers 
(MIPM-1D, MIPM-1L, MIPM-2D, MIPM-2L, MIPM-1LD, MIPM-2LD) after being 
immersed into ethanol to remove template molecules. The microspheres had enantio-





Figure 8. Helical polymer template cavities: synergistic effect. 
The microspheres also had regular morphology with the polymer chains in them 
adopting helical conformations. The chiral MIPMs released the chiral templates 
enantioselectively. The release amount of the templates was demonstrated using 
Equation 1:  
Release amount = cV / m.  Equation 1 
Where m is the mass (mg) immersed in ethanol of volume V (ml) and concentration c 
(mg/ml) at room temperature. 
The two microspheres P-M1LD and P-M2LD were prepared using racemic Boc-
proline as the template. The release of template enantiomers was determined using 
optical rotation to quantify enantiomeric excess (ee) using Equation 2: 
ee = α/αmax    Equation 2 
where α= quantified optical rotation and αmax = optical rotation of the pure enantiomer. 
The study demonstrated that the MIPMs constructed out of achiral monomer had 




constructed out of chiral monomer (MIPM-2L) had enantioselective binding 
sites chiral molecules. Additionally, the chiral helical conformations of macromolecule 








3.1 Materials  
S-Mandelic acid, R-Mandelic acid (S and R-MA), Ethyleneglycoldimethacrylate 
(EGDMA), divinylbenzene (DVB), potassium tert-butoxide, n–butyllithium (n–BuLi, 
11.0 M) in hexane, chlorormethylmethylether were purchased from Sigma-Aldrich and 
were used as received. The solvents acetonitrile, methanol, chloroform, acetic acid, and 
N, N-dimethylformamide (DMF) were of analytical grade and purchased from Fisher and 
were used as received without any further purification, THF was refluxed and distilled 
from sodium and benzophenone just before use.3,4-lutidine was purchased from Alfa-
Aesar. Azobisisobutyronitrile (AIBN) was recrystallized with methanol before use. 
3.2 Experimental Procedures 
3.2.1 Procedure for the Synthesis of 3-Methyl-4-Vinylpyridine Monomer 
4-(β-methoxyethyl)-3-methylpyridine: THF (150 ml) was placed into a one 
necked 500 ml flask, maintained under dry nitrogen. To the flask containing THF 10 ml 
of 3,4-lutidine (9.54g, 0.089 mol) was added and the solution was cooled to -78 ◦C and 
8.75 ml of n-BuLi (11.0 M, 0.093 mol) was added. The solution turned dark orange and 





The carbanion was terminated with excess chloromethylmethylether (6.7 ml, 0.088 mol). 
After concentrating the THF, 4-(β-methoxyethyl)-3-methylpyridine was obtained by flash 
chromatography on a column of basic alumina with THF as an eluent. Distillation gave the 
pure 4-(β-methoxyethyl)-3-methylpyridine in 90 % yield. 
3-methy-4-vinylpyridine: To a chilled -78 ◦C THF solution (300 ml), containing 4-
(β-methoxyethyl)-3-methylpyridine (9.07 g, 0.072 mol), potassium tert-butoxide (16.2 g, 
0.144 mol) was added in one portion. The cooing bath was removed, and the mixture was 
allowed to warm up to room temperature and stirred for 2.5 hr. The mixture was diluted 
with diethylether (300 ml) and extracted (3x150 ml) with deionized water. The solution 
was dried over KCO3 and purified by flash chromatography on a column of basic alumina 
with THF as the eluent. Removal of the solvent under reduced pressure gave pure 3-methy-
4-vinylpyridine [6g (60%)] as a clear oil]. 
3.2.2 Synthesis of Molecularly Imprinted (MIPs) and Non-Imprinted (NIPs)  
Polymers 103  
 
3. 2. 2.1 Synthesis of DVB- and EGDMA-Crosslinked S-MA Imprinted and Non-   
Imprinted Polymers Using 3-Methyl-4-Vinylpyridine as a Functional 
Monomer 
 
EGDMA- and DVB-crosslinked S-mandelic acid (S-MA) imprinted and non-
imprinted polymers with 1:4 ratio of S-MA and functional monomer were synthesized. The 
functional monomer for the polymerization, was 3-Methyl-4-vinylpyridine (3M4VP). The 
compositions of the functional monomer 3M4VP, crosslinking agents (EGDMA and DVB) 
with varying percentage of crosslinking (35, 50, and 70 mmol %) and template (S-MA) are 




MIPs were synthesized using bulk polymerization methods by dissolving 
appropriate amounts of the template (S-MA) and the functional monomer (3M4VP) in 
acetonitrile (8 ml). After that, the crosslinker EGDMA/DVB and the initiator AIBN (0.02 
mmol) were added to the solution. Then the mixture was sonicated until totally dissolved. 
After nitrogen gas being purged into the mixture for 30 min., the sealed vessel was placed 
in a water bath at 65oC for 24 h which yielded the imprinted polymer. The polymer 
obtained was collected by centrifugation for 5 min and washed with methanol several times 
until all unreacted monomer was removed. Polymer obtained was dried overnight in oven 
at 50 o C. The solid bulk monolith was ground and wet sieved to get uniform particles size. 
For comparison, the non-imprinted polymer (NIP) particles were prepared and washed 
under the same polymerization procedure but in the absence of any template. 















MIP1 S-MA 3M4VP EGDMA 1:4:2 (35 %) MeCN 60 °C 
MIP2 S-MA 3M4VP EGDMA 1:4:4 (50 %) MeCN 60 °C 
MIP3 S-MA 3M4VP EGDMA 1:4:9 (70 %) MeCN 60 °C 
NIP 1 S-MA 3M4VP EGDMA 0:4:2 (35 %) MeCN 60 °C 
NIP 2 S-MA 3M4VP EGDMA 0:4:4 (50 %) MeCN 60 °C 
NIP 3 S-MA 3M4VP EGDMA 0:4:9 (70 %) MeCN 60 °C 




















MIP4 S-MA 3M4VP DVB 1:4:2 (35 %) MeCN 60 °C 
MIP5 S-MA 3M4VP DVB 1:4:4 (50 %) MeCN 60 °C 
MIP6 S-MA 3M4VP DVB 1:4:9 (70 %) MeCN 60 °C 
NIP4 S-MA 3M4VP DVB 0:4:2 (35 %) MeCN 60 °C 
NIP5 S-MA 3M4VP DVB 0:4:4 (50 %) MeCN 60 °C 
NIP6 S-MA 3M4VP DVB 0:4:9 (70 %) MeCN 60 °C 
a molar ratio of the template: functional monomer: crosslinking monomer. 
3.2.3 Extraction of S-Mandelic Acid from the Imprinted Polymer  
The polymer particles were exhaustively washed with methanol-acetic acid mixture 
(7/3, v/v) with acetonitrile-acetic acid (9:1, v/v) and followed by Soxhlet extraction with 
acetonitrile until the template could no longer be detected under UV at λmax: 258 nm.  
The solvents were removed by filtration, and the particles were dried to constant 
weight at 50oC in a vacuum oven. The control polymers (NIP) were also subjected to the 
same washing procedure.  
3.2.4 Swelling Studies  
The swelling ratios of NIP and MIP particles were determined in different solvents. 
Initially, dry particles (50 mg) were taken in 50 ml vial, and the solvents were poured into 
the vial until the polymer completely immersed in the solvent. The solvent was kept 




applying reduced pressure for 1min. The weight ratio of dry and wet samples was 




]     Equation 3 
where Ws and Wd are the weight of the swollen polymer and dry polymer, respectively. 
3.2.5 Binding of the Template: General Procedure  
The template desorbed molecular imprinted polymer has a memory to rebind the 
template molecules with similarity in chemical functionality and structure. To study the 
binding capacity, the polymer was treated with a solution of the template molecule and 
extent of binding was investigated by UV-vis. spectroscopy.  
3.2.5.1 Batch Binding Study 
The specific binding of the template molecule by the imprinted polymer was 
investigated by comparison with the non-imprinted polymer. An equal amount of the 
imprinted and non-imprinted polymers was introduced into known concentrations of 
template solution. The solvent used for the synthesis of the polymer was used as the 
rebinding medium. The sample tubes were sealed and shaken for three hours then the 
solution was filtrated. The template solution concentration before and after binding was 
measured using UV-vis spectrophotometer at the respective λmax: 258 nm for S-MA. The 








3.2.5.2 Factors Affecting Specific Binding 
3.2.5.2.1 Extent of Crosslinking 
The effect of the extent of crosslinking on specific rebinding could be studied using 
an equal amount of imprinted and non-imprinted polymers of different degree of 
crosslinking. Molecular imprinted and non-imprinted polymers were introduced into the 
same volume of template solution (10 ml) of a known concentration in definite intervals of 
time. The specificity of binding was followed spectrophotometrically. 
3.2.5.2.2 Concentration of Template Solution 
The specific binding of the template depends on the concentration of the template in 
the solution. A certain amount of the imprinted and non-imprinted polymers was treated 
with the template solution of different concentration and shaken for three hours. The 
polymer solution was centrifuged, and the absorbance of the template in the supernatant 
was measured spectrophotometrically. The amount of template bound by the polymer was 
determined from the difference in concentration of the template solution before and after 
incubation.  
3.2.5.2.3 Solvent 
For studying the dependence of porogen on specific rebinding, an equivalent 
quantity of imprinted and non-imprinted polymers was introduced into the solution of the 
template in different solvents for the similar interval of time.  
3.2.5.2.4 Time  
 The time taken for the saturated rebinding sites was studied by incubating equal 




concentration. The extent of template binding at regular intervals of time was followed 
spectrophotometrically.  
3.2.6 Selectivity Studies  
3.2.6.1 Enantioselectivity 
Enantioselective adsorption by the MIPs was tested. The adsorbate solutions are S-
mandelic acid and R-mandelic acid in acetonitrile. With S-mandelic acid as an example, an 
acetonitrile solution of S-mandelic acid (100 ppm) was prepared. Subsequently, a 
predetermined amount of MIPs was encased in a filter paper and then immersed in the 
prepared adsorbate solution. The solution was subjected to UV−vis spectroscopy to 
determine the concentration (ct) at certain intervals. Then, the chiral compound adsorbed 
by the imprinted can be determined according to Equation 4: 
Enantioselective adsorption = V [
𝐶0−𝐶𝑡
𝑚
]  Equation 4 
3.2.6.2 Separation and Selectivity Factors of EGDMA- and DVB-Crosslinked S-MA 
Imprinted Polymers 
 
The separation factor (α) or imprinting factor which represents the ratio of the 
amount of target bound by the imprinted polymer to that bound by the corresponding 
control polymer. The selectivity of the imprinted polymer towards the template was 
calculated regarding selectivity factor (Equations 5-7).  
Separation factor (α Temp) = KMIP / KNIP   Equation 5 
K = Template bound / Template free   Equation 6 





3.3 Characterization Methods 
The apparatus used for the analysis and characterization of polymers are:  
3.3.1 Fourier Transform Infrared Spectroscopy (FT-IR) 
Fourier Transmission Infrared spectroscopy (FTIR) Perkin Elmer model 1600 was 
used to confirm the removal of the template molecule as well as for characterizing the 
imprinted and non-imprinted polymers using KBr pellets.  
3.3.2 Ultraviolet-Visible Spectrophotometer (UV-Vis) 
The binding studies were followed using a DU 800 UV-visible spectrophotometer. 
3.3.3 Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR) 
1H-NMR spectra of 3-methyl-4-vinypyridine in CD3Cl and the pre-polymerization 
complex in CD3CN were recorded on a Bruker Ultrashield-400 MHz NMR spectrometer at 
298 K. 
3.3.4 Scanning Electron Microscopy (SEM) 
Scanning electron micrographs of the imprinted and non-imprinted polymers were 
performed using Agilent Technologies 8500 Field Emission SEM. Polymers were 
operating at high vacuum and 25 kV, to study the morphology of the polymers. Prior to 
scanning electron microscopy (SEM) experiments, the dried specimen was coated under 
low vacuum with a thin layer of gold. The surface morphology of imprinted polymer and 
control polymer (NIP) were compared. 
3.3.5 Nitrogen Adsorption-Desorption Measurements  
 Surface area and porosity were determined by nitrogen gas adsorption/desorption 




the BET method, and the average pore diameter and pore size distribution were 
evaluated using the BJH theory. 
3.3.6 Thermogravimetric Analysis (TGA)  
The polymer decomposition temperature was determined using a Perkin Elmer Q50 
thermal analyzer. The samples were heated to 600 °C with a heating rate of 10 °C/min 
under nitrogen (20 mL/min). A platinum crucible was used as the reference. 
3.3.7 Circular Dichroism (CD) 
Polymers concentration of 1 mg/ml in DMF was used in obtaining the CD spectra 
using a JASCO 710 spectrometer at a rate of 20 nm/min and 0.5 nm resolution using a 0.10 




RESULTS AND DISCUSSION 
 
4.1 Introduction 
Molecular imprinting method has been developed to provide versatile receptors 
efficiently and economically.104,105 A molecular imprinted polymer can selectively 
recognize the template or imprinted molecule even in the presence of compounds with 
structure and functionality like that of the template. In principle, the movements of 
molecules are frozen during the imprinting process so that they are immobilized in a 
desired fashion. This method is so unique and one of the most promising technologies for 
the preparation of intelligent polymer materials with specific recognition capacities for 
template molecules.106-108 The method involves formation of non-covalent interaction 
between the template molecule and functional monomer in solution prior to the initiation 
of polymerization.106 These interactions are subsequently responsible for the recognition 
of the print molecule. In recent years, molecularly imprinted polymers(MIPs) have 
attracted much attention because of their remarkable advantages, such as stability, 
predetermined recognition ability, relatively ease and low cost of preparation, and 
potential application to a wide range of target molecules.109-112 
The development of polymers with selective binding sites is usually performed by 




target molecule. This method usually gives macroporous polymers with a permanent 
pore structure and large inner surface area. Polymerizable functional groups are bound by 
covalent or non-covalent interactions to the template molecule. After removing of the 
imprinting molecules by chemical reaction or extraction, which leaves cavities in the 
polymer matrix, the MIP are ready for selective binding of the target molecules. The 
selectivity depends on both the orientation of the functional groups inside the cavities and 
the shape of the cavities. In many perspectives, enantiomers have to be dealt with as 
different molecular entities. This applies in particular to the enantiomers of biologically 
active compounds like drugs and food additives, which may have different activity and 
transformation profiles. Thus, the enantioseparation of these chiral compounds are very 
important in life science and other fields. Generally, the resolution of enantiomers is 
performed on chiral stationary phases (CSPs) by high performance liquid 
chromatography (HPLC).107 
In 1958, Nobel Laureate Natta established that ortho substituted isotactic 
polystyrenes existed in preferred helical conformations in the solid state. The ortho group 
is essential in the steric stabilization of the helical structure.113 Hence, the possibility 
existed for developing helical polymers using sterically less demanding vinyl monomers. 
In 1998, the helix sense selective polymerization of 3-methyl-4-vinylpyridine was 
reported.114 The resulting secondary helical conformation is stable in the solid state and in 
the solution at -78 °C.  
This study raises the opportunity of carrying out helix sense selective 




Helical polymers have also been developed by helicity induction of a chiral polymer 






Figure 9. Helix sense selective polymerization of 3-methyl-4-vinylpyridine. 
Hence, optically active helical polymers have gathered ever increasing attention 
due to their fascinating helical structures over the past decades118, and the molecular 
imprinting technique has received considerable attention in the fields of polymer science 
and chemical analysis, and there is no work which have reported molecular imprinting 
using monomers which can potentially form helical structures within MIP matrix. The 
present work involves the development of imprinted (MIPs) and non-imprinted (NIPs) 
helical polymers. MIPs containing helical polymers (P3M4VP) have been developed by 
helicity induction of a chiral monomer via acid-base interactions with S-mandelic acid 
through molecularly imprinting technique (MIT). The polymers derived from 3M4VP 
were proved to adopt helical conformations using circular dichroism (CD) spectroscopy 
which is an effective and straightforward method to identify secondary or helical 
conformations in synthetic polymers. 








Here a simple alternative UV-vis. spectrophotometric technique is presented 
which allows determination of the selective and specific recognition of chiral acids by the 
molecularly imprinted polymers. Detailed studies on the interdependence of nature and 
degree of crosslinking on the rebinding capacity of molecular imprinted polymers and 
optimization of rebinding conditions using the chiral acids has been studied.7 The initial 
phase of this study includes the preparation of molecular imprints against α-hydroxy 
chiral acid like S-mandelic acid (S-MA). The reason for the selection of this template are 
(i) availability of both enantiomers, (ii) the easy detection by UV-vis. spectral method, 
(iii) the chiral center allows for the evaluation of stereo chemical differentiation, and (iv) 
solubility in solvents suitable for polymerization. 
 To examine the impact of the nature of crosslinking agent on the selectivity and 
specificity on rebinding, divinylbenzene (DVB) and ethyleneglycoldimethacrylate 
(EGDMA) were studies as the crosslinkers. The two crosslinkers vary in degree of 
rigidity, flexibility, hydrophilic, hydrophobic balance, and polarity. 119 A basic functional 
monomer 3-methyl-4-vinyl pyridine (3M4VP) is utilized for the preparation of the helical 
imprinted polymers. Pyridine nitrogen of the monomer could interact ionically with the 
acid function of the template molecule. Further, the π electrons of the monomer may 
contribute to π- π interaction with the template. Additionally, the 3-methyl-4-vinyl 
pyridine may form H-bonds with the print molecule. 
Proton nuclear magnetic resonance and infrared spectroscopy were used for 
analyzing pre-polymerization solutions.120,121 FT-IR and scanning electron microscopy 








imprinted polymers.122-124 The binding parameters of template imprinted polymers 
were also estimated.125,126  
To study the enantioselectivity of the template imprinted polymer, the ability of 
the enantiomer imprinted polymer to separate the other enantiomer was examined and the 
selectivity parameters were calculated. 
4.2 Synthesis of 3-Methyl-4-Vinylpyridine 
The monomer 3-methyl-4-vinylpyridine is obtained in 60% yield from 4-(β-
methoxyethyl)-3-methylpyridine as shown in Figure 10. The 400 MHz 1H NMR 
spectrum of 3-methyl-4-vinylpyridine in CDCl3 is shown in Figure 11, the spectrum 
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Figure 11. 400 MHz 1H NMR spectrum of 3-methyl-4-vinylpyridine. 
4.3 Synthesis of EGDMA- and DVB-Crosslinked Chiral S-MA Imprinted and Non- 
Imprinted Polymers 
 
A unique type of chiral MIPs consisting of chiral helical poly(3-methyl-4-
vinylpyridine), were synthesized by bulk polymerization using EGDMA and DVB as the 
crosslinkers, 3M4VP as the monomer, and chiral S-mandelic acid as template as can be 
seen in Figure 12. The carboxyl group of S-MA may function as a hydrogen bond donor 
interacting with the pyridine nitrogen of 3M4VP. EGDMA and DVB were used as the 
crosslinking agents. Use of different kinds of crosslinking agents with different degrees 
of crosslinking would result in imprinted cavities with different physical, chemical and 















Figure 12. Schematic illustrating the synthesis of MIP containing helical polymers. 
4.4 Synthesis of EGDMA- and DVB-Crosslinked Chiral S-MA Imprinted and 
Non-Imprinted Polymers with Varying Crosslink Density  
 
From a polymerization point of view, highly crosslinked ratios are usually 
preferred to access permanently porous materials with sufficient mechanical stability. So, 
the quantity of crosslinker should be high enough to maintain the stability of the 
recognition sites. This may be because the high degree of crosslinking enables the micro 
cavities to maintain three-dimensional structure equivalent in both shape and chemical 
functionality to that of the template after its removal. Therefore, the functional groups are 











































recognize the original substrate.35 In this study two crosslinking agents EGDMA and 
DVB were used for the synthesis of polymers. EGDMA and DVB crosslinked S-MA 
imprinted polymer with T/FM ratio of 1:4 possesses high specific binding. For a further 
understanding of the effect of the crosslink density on the binding properties, polymers 
with varying percentage of crosslinking (35, 50, and 70 mmol%) and keeping the T/FM 
ratio 1:4 were prepared. The composition of these imprinted polymers is given  
in Tables 2-3. All the molecular imprinted and non-imprinted polymers formed were 
ground, sieved, washed with proper solvents and sedimented in acetone. They were 
subjected to binding of S-MA by equilibration method and the binding parameters were 
determined using UV-vis. spectrophotometric method. 
4.5 Characterization of Chiral S-MA Imprinted and Non-Imprinted Polymers 
Chemical characterization of the molecularly imprinted polymers gives a detailed 
picture regarding the interactions between the functional monomer and template in 
solution and the stability of the resulting pre-polymerization mixture. FT-IR and 1H NMR 
spectra provide the fundamental analytical basis for rationalizing the mechanisms of 
recognition during the imprinting process. Scanning electron microscopic and nitrogen 
sorption studies give an idea about the surface morphology of the polymer matrix. In 
addition, the thermal stability of these polymers was evaluated using thermogravimetric 
analyses (TGA). Moreover, circular dichroism (CD) spectroscopy has been proved as 






4.5.1 Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR) 
1H NMR is one of the best tools to detect the formation of the noncovalent adduct 
and to determine the strength of T-M interaction in the pre-polymerization mixture.20 The 
interaction between 3-methyl-4-vinylpyridine and the functionality on S-mandelic acid 
can result in changes of chemical shift. NMR signal of the proton involved in H-bond 
formation shifts due to a change of electron density around it. In this system, the OH and 
carbonyl groups of the template presumably interact with the tertiary nitrogen atom of the 
pyridine group of 3M4VP. The peak of OH proton at 4.89 ppm is shifted downfield on 
complex formation with functional monomer 3M4VP as shown in Figure 13. 
Additionally, the –OH peak of pure S-MA is broad whereas in the complex not only it is 
shifted upfield, a narrowing effect is observed. This may be due to the decrease in the 
hydrogen in the mixture because of the interaction of the – OH group with the pyridine 
nitrogen. Furthermore, the upfield shift suggests that the nitrogen increase the electron 
density on the hydrogen of the – OH group. There is also change in the chemical shifts of 
the aromatic and – CH protons of S-MA and aromatic protons of 3M4VP on complex 
formation between them. In S-MA due to the close proximity of the –C-H proton to the –
COOH which is involved in complex formation with 3M4VP the NMR peak due to it  
at 5.17 ppm is shifted upfield on addition of 3M4VP.  The signal of the aromatic protons 
S-MA also shifted due to π-π stacking interaction between the template and 3M4VP. On 
adding 3M4VP, peaks corresponding to the aromatic protons of pyridine ring also are 

















Figure 13. 400 MHz 1H NMR spectra of (a) pure S-MA, (b) pure 3M4VP, and (c) 
mixture of S-MA and 3M4VP in CD3CN. 
 
4.5.2 Fourier Transform Infrared Spectroscopy (FT-IR) 
FT-IR spectroscopy is an effective method to determine the functional groups and 
type of bonds presence in MIPs.127 The IR spectra of NIPs and the unleached and leached 
MIPs displayed similar characteristic peaks, indicating similarity in the backbone 
structure of different polymers. For the EGDMA crosslinked polymers as shown in 
Figure 14, the >C-H bend of -CH3 is observed at 1389,1390 and 1387 cm-1 whereas the 
>CH2 bending is observed at 1457, 1456 and 1454 cm
-1 in the unleached, leached MIP, 
and NIP, respectively.  
(a) 
(b) 
(c) 4.53  
4.98  
4.94  
5.17  7.45 ~ 7.38  






The >C=O stretch of EGDMA crosslinked polymer is observed at 1730, 1729 
and 1728 cm-1, and the C-O symmetrical stretch of the ester group in EGDMA-
crosslinked polymers is observed at 1253,1252 and 1254 cm-1 in the unleached, leached 
MIP, and NIP, respectively. Bands around 3567-3442 cm-1 correspond to O-H stretching. 
The fact that the bands due to the S-mandelic acid in unleached imprinted polymers could 
hardly be visualized is probably a result of the highly diluted nature of the template 
within the polymer matrix. 
 As shown in Figure 15, the shifting of C=C ring stretching of DVB at 1596 cm-1 
in NIP to 1594 cm-1 in leached-MIP after binding confirms the interaction between the 
pyridine ring of the monomer in the imprinted polymer with the aromatic ring of the 
DVB crosslinking agent. The incorporation of DVB in imprinted and non-imprinted 
polymers was supported by the aromatic C-H stretch around 2926 cm-1 and C-H out of 
plane bend at 710 cm-1 and p-disubstitution at 797 cm-1. The distinct difference between 
the IR spectra of the unleached and leached-MIPs were noticeable, in the unleached 
polymer, there was one band at 1702 cm-1 (C=O stretching) which belongs to the S-MA, 
disappeared in the corresponding peak in leached polymer indicating the efficiency of the 
















Figure 14. FT-IR spectra of (a) EGDMA-crosslinked leached MIP, (b) unleached MIP, 











Figure 15. FT-IR spectra of (a) DVB-crosslinked leached MIP, (b) unleached MIP, and 
(c) NIP. 
 
FT-IR spectral information can provide suggestions for the structure of the pre-
organized monomer-template adduct. It helps in identifying the free and hydrogen-

























traced following the complexation event. The two main vibrational features of S-MA, 
the O-H stretch at 3445 cm-1 and the C=O stretch at 1721 cm-1 were shifted and 
broadened on complexation with 3-methyl-4-vinylpyridine as shown in Figure 16. 
Moreover, S-MA + 3M4VP complex shows band at 1620 cm-1 which strongly suggests 
the formation of intermolecular H-bonding between the carboxylic group of mandelic 







 Figure 16. FT-IR spectra of (a) pure S-MA, (b) pure 3M4VP, and (c) complex of S-MA 
and 3M4VP. 
 
4.5.3 Circular Dichroism (CD)  
The CD spectroscopy is an effective and straightforward method to identify 
helical or higher order secondary conformation of polymers that may be present within 
MIP structures.128 The CD spectra of unleached S-MA-MIP and R-MA-MIP show 
opposite Cotton effect signals at 257, 262, and 266 nm, indicating the formation of the 




MA templates are extracted from the MIPs, the two polymers still show CD spectra 
which are indicative of the presence of enantiomeric secondary conformations within the 
MIPs as shown in Figure 18. The CD spectral data strongly suggest that the MIPs 
prepared contain higher structurally ordered polymeric chains. A slight change in the CD 
spectroscopy between the unleached and the leached would indicate that during the 
extraction process, slight changes in the conformation are taking pace. These results look 
very comparable to what Khan’s group129 obtained in the previous study as shown in 
Figure 19. What is interesting is that the linear helical polymer, slowly lose their optical 
activity at room temperature but within the MIP matrix the steric constrains clearly 
inhibit helical unwinding and thus the conformation is maintained. 
 






   























































 Figure 19. CD spectra of P3M4VP in the presence of R-MA and S-MA in THF at room  
temperature. 
 
4.5.4 Thermogravimetric Analysis (TGA) 
TGA is used to characterize the decomposition behavior and thermal stability of 




































Results in Figure 20 shows that the TGA curves of MIP and NIP were not 
significantly different. The addition of the mandelic acid template did not appear to 
significantly affect the thermal properties of the MIPs. The principal chains of the 
EGDMA-cross-linked MIP and NIP began to degrade at ~ 330°C, and the final 
decomposition temperature was ~ 470 °C while the decomposition temperature range of 
DVB-crosslinked MIP and NIP is 475˚C to 510˚C as it can be seen in Figure 21. These 
results seem to indicate that, after extraction the template from the polymeric material, 
the MIP shows the same thermal behavior as the NIP, consequently the presence of 
mandelic acid in the imprinting process seems not to affect the structural or thermal 
stability of the final MIPs. The decomposition of DVB-crosslinked MIP occurs at a 
higher temperature than EGDMA-crosslinked MIP showing some evidence of that the 






Figure 20. TGA thermograms of EGDMA-crosslinked imprinted (MIP), and non- 










Figure 21. TGA thermograms of DVB-crosslinked imprinted (MIP), and non-imprinted 
polymers (NIP). 
 
4.6 Morphological Characterization of S-MA Imprinted and Non-Imprinted 
Polymers 
 
4.6.1 Scanning Electron Microscopy (SEM) 
The external shape and surface rugosity was analyzed by SEM microscopy. 
Additionally, SEM can also be utilized for the morphological characterization of the 
MIPs and the NIPs and can provide excellent insight into the structure of the MIP 
cavities. Figures 22 and 23 present the SEM images of EGDMA-crosslinked MIPs and 
NIPs, and DVB-crosslinked MIPs and NIPs, respectively. The two types of polymers 
showed different morphological features reflecting the use of different amount and types 
of crosslinkers on the synthesis of these porous materials.131,132 
The presence of 70% of EGDMA/DVB crosslinker in the formulation of MIPs 
affected only slightly the external morphology of the particles as it is observed in   
Figures 22a and 23a whereas the external morphologies of NIPs were completely 




when a template is included in the formulation of the polymerization to produce the 
MIP as compared with the NIP. In general, NIP morphology appears to be smoother and 
less porous due to the absence of S-MA in the NIP polymer particles.  
It can be observed that decreasing crosslinker amount from 50% to 35% shows 
reduction of the formation of porous imprinted polymeric system and also increases 
aggregation into more irregular structures as it is shown in Figures 22b,c 
 and 23b,c whereas a spherical and smooth structures in non-imprinted polymers as seen 
in Figures 22e,f and 23e,f  thus demonstrating that template did influence the 


































Figure 22. SEM pictures of (a) 70%, (b) 50%, and (c) 35%-EGDMA- crosslinked S- 
mandelic acid imprinted and (d) 70%, (e) 50%, and (f) 35% -EGDMA-
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Figure 23. SEM pictures of (a) 70%, (b) 50%, and (c) 35%-DVB- crosslinked S- 
mandelic acid imprinted and (d) 70%, (e) 50%, and (f) 35%-DVB-
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Prior to assessing the different MIPs in binding experiments, the structure of 
the crosslinked MIPs was studied by B.E.T. surface area analysis and swelling capacity, 
which provided an indication of the porosity and the crosslinking density of the polymer 
network, respective. 
4.6.2 Nitrogen Adsorption-Desorption Measurements 
To investigate the formation of well-defined cavities in imprinted polymers, 
surface analysis of a typical imprinted and non-imprinted system with (35%, 50%, and 
70%) EGDMA and DVB crosslinking were carried out and the results are summarized in 
Table 4. 




Sample Surface area (m2/g) Pore volume (cm3/g) Pore diameter (nm) 
EGDMA 
35% 
 MIP           NIP          
 0.07           12.3 
MIP            NIP 
 n/d              0.017  
       MIP          NIP 
        n/d           21.73 
50%  0.76           1.6 0.002           0.004      105.26        10.12 
70%  237            165        0.54             0.23      15.21           9.15  
DVB MIP            NIP                   MIP             NIP                         MIP            NIP 
35% 2.31             3.65  0.0002       0.0004       2.64            3.76 
50% 0.04            5.08 0.001         0.002       82.98          6.17 




4.6.2.1 BET Surface Area Analysis 
The polymers containing 70% EGDMA had a larger surface area than the 
corresponding 50% and 35% imprinted polymers. This agrees with previous studies 
where surface areas have been shown to decrease with decreasing crosslink ratios.133 
Higher surface areas were indicative of phase separation occurring at later stages of the 
polymerization, and the formed polymers are accompanied with smaller pore size 
distributions.134 This may be due to the high amount of crosslinker being responsible for 
inter-bonding of the growing agglomerates. 
The amount of initiator in the polymer formulations remained constant as the 
concentration of crosslinker was reduced. Accordingly, there was a larger number of free 
radicals available for a lower number of double bonds in the case of the 50% and 35% 
imprinted polymers. The polymerization reaction may then probably proceed at a faster 
rate which would result in phase separation earlier, which is typically conducted by a 
lower surface area. The surface areas for the 70%-EGDMA containing MIPs and NIPs 
were higher than those for the corresponding 70%-DVB- crosslinking polymers. They 
were also very much larger than those measured for the 50% and 35% EGDMA/DVB 
crosslinking MIPs and NIPs. 
4.6.2.2 Pore Analysis 
The data derived from the BJH analysis was corrected for multilayer adsorption 
using the Halsey thickness equation. The volume of pores and the pore diameter are 




The average pore diameter for the most polymers falls in the mesoporous 
region (2-50 nm).135 The porosity of polymers (imprinted or otherwise) can be tailored by 
the concentration and the type of crosslinking monomers.136 
 The 35% EGDMA/DVB crosslinking polymers gave very low porosity features. 
However, as they were deemed unsuitable for analysis via this method their derived pore 
data will not be discussed further. The cumulative volume of pores for the 70% 
EGDMA/DVB crosslinking polymers were higher than the 50% and 35% EGDMA/DVB 
crosslinking polymers. The average pore diameters were also different. The 50% 
EGDMA/DVB crosslinking polymers were less porous than 70% EGDMA/DVB 
crosslinked polymers, but they had a larger average pore diameter. This was potentially 
due to less amount of crosslinker which means the higher percentage of porogen in the 
50% formulation which caused phase separation to occur quickly resulting in lower 
surface areas and a higher average pore diameter.136 Moreover, as the average pore size 
diameter increase, the S-MA molecule (template) has more steric maneuverability within 
the pore as shown SEM images in Figures 22b and 23b. 
The BET analysis for surface area and BJH method for pore size distribution and 
pore volume showed a high surface area and pore size for the 70% EGDMA/DVB 
crosslinking imprinted polymer compared to other systems with decreasing crosslinking 
amount. It is worth mentioning that the 70% EGDMA crosslinking imprinted polymer 
gave a higher surface area, pore volume, and pore diameter than DVB crosslinking 
imprinted polymer, indicating the type and amount of crosslinking monomer have a 




Generally, in 70% EGDMA/DVB crosslinked polymers, the results showed 
higher surface area, pore volume, and pore diameter for imprinted polymer compared to 
the control polymer, which support the formation of well-defined cavities in the 
imprinted polymer compared to the non-imprinted polymer.137 It can be highlighted that 
70% EGDMA/DVB crosslinked polymers showed the highest surface BET value, which 
was in agreement with SEM observations (see Figures 22a,d and 23a,d). 
4.6.3 Swelling Studies 





]    Equation 3 
 in which Ws and Wd are the weight of the swollen polymer and the weight of dry 
polymer, respectively.  
Chiral S-mandelic acid was soluble in polar solvents, swelling studies of S-MA 
imprinted and non-imprinted polymers were carried out in water, methanol and 
acetonitrile. The best recognition by the imprinted polymer occurs when the binding 
medium and the porogen are the same.138,139 Based on reported data, the solvent specific 
behavior of the imprinted polymers has been demonstrated in terms of the solvating 
features of the solvent.140 The solvating ability of the porogen for the polymer chains 
during polymerization process has been suggested to adjust the shape of the binding sites 
and distance between the functional groups in the binding sites. The ability of the 




determines the binding performance of the imprinted polymers in the binding medium. 
The swelling results of EGDMA- and DVB-crosslinked S-MA imprinted polymers were 
determined, and tabulated in Table 5. 
 The swelling characteristics of the various polymers dramatically decreased with 
increasing cross-linking agent. This is because of the increasing rigidity of the polymer 
matrix with increasing crosslink density.141 In most cases the swelling ratio of the 
imprinted polymer is higher than the non-imprinted polymer. The swelling ratios of 
EGDMA-crosslinked systems are higher than the DVB crosslinked system. The solvent 
molecules can pass through the flexible EGDMA-crosslinked polymer networks for 
solvation.  The high swelling of the imprinted polymer is due to the inclusion of solvent 
molecules in the designed cavities sculpt during the imprinting process. 
The swelling ratio of both imprinted and control polymers in H2O was higher 
compared to other solvents. This anomalous behavior in water may due to the possibility 
that highly polar protic solvent can promote hydrophobic interaction such as π-π stacking 









Table 5. Swelling Ratios of EGDMA- and DVB-crosslinked S-Mandelic Acid 
Imprinted and Non-Imprinted Polymers  
Swelling Ratio (Sr) 
 CH3CN        CH3OH           H2O 
EGDMA 
35% 
 MIP           NIP          
 3.6            3.7 
MIP            NIP 
1.7               1.5 
     MIP       NIP 
      6.2           5.1 
50%  3.0            2.4 1.5               1.0       5.5          5.4  
70% 
DVB 
35%           
50% 
70% 
 2.3            1.8 
 
3.4             3.2                           
2.8             2.0 
2.2             1.5 
0.90             0.77 
 
1.5            1.4 
1.2              1.0 
0.88            0.80    
      3.9          3.7 
 
     6.5            5.0 
     4.4            3.9 
     3.0            2.9 
 
The polymers with higher surface areas had lower swell ratios. This is consistent with 
previous studies.142,143 Higher swelling would be expected with lower crosslink ratios. 
Although the cumulative volume of pores was less for the polymers formed from lower 
amounts of EDGMA, the greater flexibility allowed greater solvent ingress to the pores. 
Thus, more of the pores may have been filled possibly causing greater expansion of the 







4.7 S-Mandelic Acid (S-MA) Binding Studies 
In molecular imprinting, self-assembling of functional monomers around template 
molecules followed by crosslinking to freeze the self-assembled structure within the 
polymer matrices, and subsequent extraction of the template molecule results in the 
formation of complimentary binding sites. S-Mandelic acid imprinted polymers can 
retain S-MA in the cavities higher than the blank polymers, the principle which is 
employed in the binding studies. The polymer particles were put into samples tubes, and 
the template solutions of known concentrations were agitated in an isothermal shaker at 
200 rpm and 25 ◦C for 3 h until the equilibrium was reached. After this incubation, the 
polymer particles were centrifuged, and the remaining concentrations of the template 
were determined spectrophotometrically (λmax: 258 nm). The adsorbed amount (Q)
144 of 
S-MA bound to the imprinted polymer was calculated by the following equation: 
𝑄𝑒 =
𝑉 (Co – Ce)
𝑊
    Equation 8 
where Qe is the equilibrium binding capacity of S-mandelic acid (mg/g), C0 is the initial 
concentration solution (mg/L); Ce is the substrate concentration of the solution after 
adsorption equilibrium (mg/L); V and W signify the volume of the adsorbed solution (ml) 
and the mass of the MIPs or NIPs (g). The extent of binding varies with the nature and 







4.7.1 Optimization of the Conditions of S-MA Binding 
4.7.1.1 Effect of the Extent of Crosslinking 
The binding characteristics of the imprinted and non-imprinted polymers with 
varying extent of crosslinking were followed spectrophotometrically. Crosslinker 
concentrations were 35, 50, and 70% of EGDMA and DVB. As seen in Figure 24, the 
binding features of MIPs are clearly affected by a change of the crosslinker content. 
Increasing crosslinking density of polymers is helpful to stabilize the recognition sites of 
imprinted polymers and enhances the contribution of specific binding to imprint receptor 
sites. Usually rigid structure of polymers favors selectivity by enabling the cavities to 
retain their shape even after elimination the template. The nature of crosslinking also has 
contribution to determine the specificity of the imprinted system. The binding capacity of 
EGDMA crosslinked polymer were considerably higher than DVB-crosslinked polymer. 
This could be explained by the rigidity of the DVB-crosslinked polymer restricting the 
















Figure 24. Effect of extent of EGDMA and DVB crosslinking on the rebinding 
 of S-MA by imprinted and non-imprinted polymers. 
 
 The 70% polymers were found to have the highest binding capacity, so the rest of 
the binding studies were conducted using these polymers. Thus, 70% EGDMA-MIP 
shows the highest binding capacity for the S-MA template, which is correlated with their 
morphological studies obtained by SEM and Nitrogen adsorption–desorption 
measurements. In particular, the SEM micrograph of 70% EGDMA-MIP, coupled with 
BET and BJH studies of surface area and porosity show the presence of a porous 
structure and high surface area allowing the template to approach the binding sites 
located in the inner part of the polymer particles making their occupancy of the imprinted 
cavity easier. The other MIPs have lower surface area and the polymer particles were 
aggregated into more irregular constructions and most of the binding sites are located in 
the internal of the imprinted polymer, therefore complicating the entrance of the 
































4.7.1.2 Effect of Concentration of the Template  
In order to study the effect of concentration of template on rebinding, a specific 
amount of the imprinted polymers was incubated with solutions of S-mandelic acid with 
concentrations in the range of 20, 60, 100, 200, 300, and 400 ppm at room temperature 
for fixed time, and extent of binding were followed as described earlier. The results of the 
rebinding studies for the corresponding NIPs were also indicated for comparative 
purposes. 
As the concentration of the template solution increases the specific binding of 
EGDMA- and DVB-crosslinked systems increases significantly and is found to be 











Figure 25. Effect of the concentration of template solution on S-MA binding  


































4.7.1.3 Effect of Binding Solvent  
Solvents play an important role in the strengthening of non-covalent interactions 
and polymer morphology. Influence of solvent on the extent of binding was investigated 
by equilibrating definite amount of the imprinted and non-imprinted polymers with S-
MA in acetonitrile, methanol, and water. 
Typically, the best results were obtained when the binding is conducted in the 
same solvent which is used as porogen because under such conditions the loss of 
template-polymer conformational adaptation will be a minimum. As shown in Figure 26, 
the EGDMA-crosslinked imprinted polymer gave maximum binding in water. The high 
swelling ratio accounts for the high template binding by these imprinted systems in an 
aqueous medium. An apparent increase upon total binding to the polymers in water arises 








Figure 26. Solvent effect on S-MA binding by the 70% EGDMA-crosslinked imprinted 



































4.7.1.4 Effect of Time  
To optimize the time needed for maximum binding of S-MA by imprinted and 
non-imprinted polymers specific mass of the polymers were equilibrated with template 
solution of definite concentration and the binding was followed at intervals of time. All 









Figure 27. Effect of time on S-MA binding by 70% EGDMA- and DVB-crosslinked 
imprinted and non-imprinted polymers. 
 
Also, it is not required to equilibrate the polymers for 24 h for getting the 



































4.7.2 Enantioselective Adsorption by Chiral DVB- and EGDMA-Crosslinked S-
MA Imprinted Polymers 
 
The obtained MIPs have two favorable factors potentially contributing to 
enantioselective adsorption. One is the stereoselective cavities left after removing the 
template.135 The other is the one-handed helical conformations of the polymer chains.125 
Herein, the enantioselective adsorptions of the S-MIPs toward S-MA and R-MA were 
systemically measured as shown in Figure 28. As a comparison, the non-imprinted 
polymers without template molecules (NIP) were also tested. For enantioselective 
adsorption of S-MIP, and NIP, S-MIP showed a higher adsorption toward S-MA than 
NIP. The S-MIPs showed enantioselectivity toward their respective templates, because of 
the cavities that the template molecules left, and the stereospace in chiral helical polymer 








Figure 28. Enantioselective adsorption of S-MIPs and NIPs toward S-MA and R-MA, 









































4.7.2.1 Separation and Selectivity Factors of Chiral DVB- and EGDMA-
Crosslinked S-MA Imprinted Polymers 
 
The separation factor 146 (α) represents the effect of the imprinting process. It is 
the ratio of amount of substrate bound by the imprinted to that bound by the 
corresponding non-imprinted polymer. Thus, the binding of the template to the imprinted 
and non-imprinted polymers are compared in terms of separation factor. 
The selectivity of the imprinted polymers towards the template was calculated in terms of 
selectivity factor as shown in Table 6. 
Separation factor (αTemp) = KMIP/KNIP   Equation 5 
K = Template bound / Template free   Equation 6 
Selectivity factor = α S-MA/ α R-MA   Equation 7 








α S-MA/ α R-MA 
EGDMA               2.60                2.28                                              1.41
DVB               2.97                                  2.24                                     1.22
 
The high separation factor (α S-MA) of 70% EGDMA - and DVB -crosslinked 
imprinted polymers proved the high efficiency of the imprinted system. The imprinted 
system has a selectivity factor higher than one in both cases (EGDMA and DVB) and so 






In this study, an effective method for synthesizing MIPs containing chiral helical 
polymers is reported. The MIPs were prepared with the S-mandelic acid (S-MA) as the 
target imprint molecule. In summary, a novel molecularly imprinted polymers (MIPs) 
have been successfully designed and synthesized by bulk polymerization of a 3-methyl-4-
vinylpyridie monomer in the presence of template molecule, S-mandelic acid, in a polar 
aprotic solvent. The polar aprotic solvent used maximized electrostatic interactions such 
as hydrogen bonding and dipole-dipole interaction for stabilizing the monomer/target 
molecule.  
Nitrogen BET, SEM and TGA were used to characterize the morphology of the 
polymers. Changing the type and degree of crosslinker during the MIP synthesis had a 
significant effect on the binding affinity and final polymer morphology. The decrease in 
degree of crosslinking impacted polymer morphology as observed in BET and BJH 
studies of surface area and porosity. Additionally, decrease in the crosslinking density 
resulted in reduction in template rebinding capacity as observed from the binding studies. 
The 70%- EGDMA-MIP exhibited a porous structure with high surface area, with 
observed areas of surface areas of 237 and 165 m2/g for the templated and non-templated 




MIPs were mirror images, which indicated that the poly(3-methyl-4-vinylpyridine) 
adopted enantiomeric helical conformations within the MIP matrix. The novel MIPs 
prepared using S-MA were determined to be effective in enantioselectivity i.e. showed a 
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